We describe the development and performance of a new type of optical sensor suitable for registering the binding/dissociation of nanoscopic particles near a gold sensing surface. The method shares similarities with surface plasmon resonance microscopy but uses a completely different optical signature for reading out binding events. This new optical read-out mechanism, which we call confined optical field enhanced fluorescence emission (Cofefe), uses pulsed surface plasmon polariton fields at the gold/liquid interface that give rise to confined optical fields upon binding of the target particle to the gold surface. The confined near-fields are sufficient to induce two-photon absorption in the gold sensor surface near the binding site. Subsequent radiative recombination of the electron-hole pairs in the gold produces fluorescence emission, which can be captured by a camera in the far-field. Bound nanoparticles show up as bright confined spots against a dark background on the camera. We show that the Cofefe sensor is capable of detecting gold and silicon nanoparticles, as well as polymer nanospheres and sub-µm lipid droplets in a label-free manner with average illumination powers of less than 10 µW/µm 2 . 
Introduction
Surface plasmon resonance (SPR) sensing is a technology used for measuring binding and dissociation kinetics of biomolecules at a gold sensor surface. [1] [2] [3] [4] [5] [6] [7] Such biomolecular interactions include interactions among proteins, peptides, nucleotides, sugars and other molecules. In pharmaceutical, clinical and biotechnological research, for instance, knowledge of biomolecular interactions is key in determining efficacy of a drug, understanding immunological responses or discovering new therapeutic targets, to name just a few.
Whereas the SPR technique is very sensitive, its common implementation is unable to detect individual binding and dissociation events. Kinetic SPR data is typically the result of ensemble averaging over many events, integrated over both space and time. Consequently, rapid on/off events at particular sites on the sensor surface are not registered, as they are averaged out by the slower dynamics of the ensemble. Other unexpected binding patterns at particular sites also go unnoticed. Such outlier behavior can be important, as these events may signify functional aspects of the molecular interaction, related to particular conformations, density related binding kinetics or other effects of direct relevance. The ability to see all binding/dissociation events in parallel would significantly enhance the analytical capabilities of the SPR sensor.
Individual binding/dissociation events can be studied with a microscopic imaging version of SPR, namely surface plasmon resonance microscopy (SPRM). [8] [9] [10] [11] [12] ] The latter technique makes it possible to visualize individual events in parallel with a camera, thus enabling multiplex detection of particles interacting at the sensor surface. SPRM has been successfully employed to probe individual cells [13] , bacteria and viruses [14, 15] , DNA [16, 17] , and protein structures. [18] The ultimate sensitivity of SPRM is limited by various factors. [19] [20] [21] One limitation is related to the fact that SPR methods are not background-free, as small changes in the light intensity need to be discriminated against a bright background. Another limiting factor is the non-ideal pointspread function of SPRM, which is characterized by long diffractive tails that affect the spatial resolution of the technique. To increase the spatial resolution, special algorithms have been developed that improve the performance of the SPRM device, achieving an effective resolution on the sub-micrometer scale.
[21] Nonetheless, the restored pointspread function is non-symmetric and may exhibit residual flaring.
The SPRM technology would benefit from an optical signaling mechanism that is associated with a well-behaved pointspread function and that produces a positive signal relative to a low background. In this work, we present an optical signature at the gold sensor surface that overcomes the aforementioned issues. The signal, which we attribute to two-photon excited fluorescence in the gold film, is triggered by binding of particles to the surface. The pointspread function, which appears against a dark background, is incoherent and thus devoid of interferences among detected spots. The resulting technique is related to two-photon surface plasmon-coupled emission (SPCE) microscopy [22, 23] , but without the need to incorporate fluorophores and thus allowing label-free probing of targets. We discuss the optical layout of this new approach and present its capabilities for detecting individual particles in the vicinity of the sensor surface.
Materials and methods

Microscope setup
A schematic of the sensor device is shown in Fig. 1 . The light source is a Titanium:sapphire laser (Mira900, Coherent), which produces a 76 MHz pulse train of ∼200 fs pulses. In the experiments the center wavelength is set to 800 nm. The linearly polarized source is conditioned with a spatial filter to generate a clean Gaussian transverse profile of 10 mm diameter. The collimated beam is then focused by a f = 250 mm lens onto the back focal plane of a high numerical aperture objective (NA 1.49 oil, Olympus). The resulting collimated beam emerging from the objective corresponds to a circular illumination spot with a diameter of ∼ 120 µm on the sensor surface. The sensor surface consists of a borosilicate coverslip coated with a 30 nm thick gold film. By translating the beam in the back focal plane, the incidence angle of the collimated beam at the surface can be tuned to the Kretschmann angle for excitation of a surface plasmon polariton (SPP) mode at the gold/water interface (∼ 65 o ). The resulting two-photon luminescence from the gold film is collected in the epi-direction by the objective and separated from the incident beam by a 700 nm short wave pass dichroic mirror. The signal is subsequently filtered by a 625 nm±45 nm band pass filter and 750 nm short wave pass filter. In some of the experiments, a 1.6× telescope is incorporated in the detection path for increased magnification, resulting in an image distance of 169.5 nm per pixel with a ∼ 60 µm diameter field of view (FOV). Average illumination powers, determined before the objective lens, are between 15 mW and 70 mW, depending on the FOV and the sample. For each of the experiments that follow, the illumination dose is specified in µW/µm 2 , which is independent of the FOV. Note that the actual dose at the sample is lower because of losses in the objective lens and specimen. The signal is recorded on an EM-CCD camera (iXon3, Andor) as stacks of images (512 × 512 pixels) with a frame rate of 1 fps. Higher acquisition rates may be obtained with a reduced region of interest (ROI). For instance, for a ROI of 256 × 256 pixels, the signal can be recorded at 68 fps. 
Sample preparation
Sensor surfaces consist of borosilicate glass coverslips (BK-7, VWR) coated with gold. Gold thin films are evaporated to a thickness of 30 nm on the coverslips, which are pretreated with a 2 nm Cr adhesion layer. Analytes used in this experiment included gold spheres (10 nm, 20 nm, 30 nm), cholesteryl oleate droplets (Sigma Aldrich), polystyrene spheres (50 nm from Thermo Fisher; 100 nm from PolySciences), and silicon nanoparticles (30 nm, Melorium Technologies). All particle suspensions are diluted in milli-Q filtered water and sonicated before use. Lipid droplets are formed by preparing an emulsion of cholesteryl oleate with phosphatidylcholine in phosphatebuffered saline (PBS). Using ∼ 50 µL of a stock solution, the emulsion is subsequently drop cast on the Au-covered microscope coverslips, resulting in air-dried droplets and micrometer-sized polymorphous crystals of cholesteryl oleate on the surface. The structures were re-immersed in milli-Q filtered water before inspection with the imaging sensor. Si particles, gold spheres, and PS spheres were all diluted with deionized water and drop cast onto gold-coated coverslips. 
Results
Detection of gold nanoparticles
We first examine the signal from a bare gold film on glass, using milli-Q filtered water as the sample. For smooth, freshly prepared films, the background signal is near or at the dark count rate of the camera, approximately 100 counts/s. This latter observation indicates that the signal from the bare gold film is very small. However, for older sensor surfaces and at higher illumination doses (up to 28 µW/µm 2 ), the signal from the bare sensor can reach 370 counts/s. When gold nanoparticles are deposited on the sensor surface, bright spots are detected that are well above the background. A representative result is depicted in Fig. 2 , which shows the detected image on the camera after 20 nm gold particles physisorbed to the sensor surface from solution. Clusters and individual particles can be recognized in the image. The image is only visible when the incident beam is coupled to the gold film at the Kretschmann angle. Small detuning away from the coupling angle results in the disappearance of the signal. Signal is only observed when particles are adhered to the surface, particles suspended in the bulk remain invisible. We observe similar results for gold nanospheres of diameters of 10 and 30 nm.
In Fig. 2 , the signal is accumulated over 100 raw frames taken at 68 fps by using a 256 × 256 ROI of the camera chip (60 µm diameter on the sensor surface) with a 15 mW beam incident on back aperture of the objective lens, corresponding to 5.3 µW/µm 2 average power or less than 78 nJ/µm 2 average energy for each raw frame. Signals clearly distinguishable from the background are still observed when the illumination power is lowered. For instance, at 68 fps, average illumination powers of 5-10 mW (1.8-3.5 µW/µm 2 ) produce images with detected spots well above the background counts in each frame. When the electron-multiplying (EM) gain is used, with a gain between 25 and 300, illumination powers can be lowered to 1-2 mW (0.36-0.71 µW/µm 2 ) at the same acquisition speed.
Gold nanoparticles, which are commonly used in SPRM experiments as contrast enhancers, support localized surface plasmons. The enhanced fields associated with the surface plasmon mode can give rise to two-photon excitation of electron-hole pairs in the gold particle, followed by fluorescence emission upon electron-hole recombination. [24-26] Whenever a gold nanoparticle lands on the sensor surface, the local fields are even more enhanced by the nanocavity formed between the particle and the gold layer. It is, therefore, perhaps not surprising that strong fluorescent signals from the location of the particles are observed. The results shown in Fig. 2 demonstrate that the nanocavities between the analyte (particle) and the gold film are efficiently excited by the SPP modes on the sensor surface, and that the resulting incoherent emission is conveniently detected by the far-field camera. Next, we examine whether similar results can be obtained for particles that do not support localized surface plasmon modes themselves.
Detection of semi-conducting nanoparticles
We use 30 nm silicon nanoparticles as non-metallic particles for examining the sensitivity of the sensor to nanoparticles that do not support localized surface plasmon modes. As a consequence, we expect signals that are weaker compared to the case of Au nanoparticles. Comparison between the transmission and fluorescence image reveals that whereas the brighter clusters can be seen in the transmission image, the fluorescence image identifies structures that remain invisible in transmission contrast (see encircled area). The latter emphasizes that the sensor can sense structures that cannot be seen through their refractive properties as observed in transmission. Although smaller (< 10 nm) silicon nanoparticles and porous silicon are known to exhibit strong luminescent properties of their own [27-29], the fluorescence from 30 nm sized Si nanoparticles is rather weak. Indeed, we did not observe any fluorescence from the Si particles when dispersed on plain glass coverslips in total internal reflection fluorescence mode under similar excitation conditions, underlining that the signal is only observed when the gold film is present. We note that the fluorescence signal is stable and does not show blinking effects characteristic of semi-conducting quantum dots. 
Detection of polymer particles and organic matter
Gold and silicon nanoparticles have relatively high dielectric constants, translating in strong refractive properties even when suspended in water. It is more challenging to detect objects with a refractive index closer to that of water. We utilize polystyrene beads (100 nm) as an example of a non-fluorescent particle with a relatively low refractive index (n ≈ 1.60). Figure 4 (a) shows a two-photon excited fluorescence image of polystyrene beads adhered to the sensor surface obtained when using 5.2µW/µm 2 of average illumination power before the objective. We perform similar measurements with cholesteryl oleate droplets in an aqueous medium, shown in Fig. 4(b) . Again, bright fluorescence signals are observed against a low background. Some spots, such as the one indicated by the arrow, have diameters that are sub-µm, indicating that the lipid droplets that trigger the signal are also sub-µm in size. The magnitude of the signal is comparable to the signal obtained from the silicon nano-particles at the sensor surface. Figure 5 shows the dependence of the signal generated at the locations of the cholesteryl oleate droplets as the illumination power is increased. We find a power dependence close to 2, suggesting that the process responsible for the signal is indeed a two-photon excited fluorescence process. Since both polystyrene and cholesteryl oleate are non-fluorescent, the origin of the signal is not likely the particles themselves. Rather, the experiments suggest that two-photon excited fluorescence originates from the gold sensor surface itself.
Pointspread function
To obtain a better picture of the imaging properties of the sensor, we perform measurements on 50 nm polystyrene beads. To avoid the probability of cluster formation, we dilute the suspension to such an extent that fewer than 1 detected spot per 10 × 10 µm 2 is observed on the sensor. Spots are identified by thresholding the image to 0.4 times the standard deviation above the signal distribution of the background. The background distribution collected from a bare sensor surface is subtracted from the data. The resulting distribution of counts obtained from numerous identified spots is shown in 6(a). The distribution exhibits clearly separated peaks. The peak with the lowest number of counts is the most prominent, followed by smaller peaks registered at higher number of counts. The distributions are outlined by Gaussian fits to highlight the features in the histogram. The data suggests that the distribution with the lowest number of counts corresponds to the detection of individual 50 nm particles, with the second peaked distribution resulting from clusters of two particles and so forth. Figure 6 (b) depicts a cross section of an averaged detection spot, obtained by averaging over ten different detected spots that belong to the distribution with the lowest number of counts. The Gaussian fit reveals a full width half maximum (FWHM) of 0.367 µm, which constitutes a measure of the pointspread function (PSF) of the sensor system. The FWHM is virtually invariant among the detected spots. Even the brightest spots (> 6, 000 counts) exhibit a profile of similar width, indicating that the size of the clusters formed are still below the diffraction limit. Overall, these measurements suggest that the sensor is sensitive enough for detecting individual 50 nm particles with a high signal-to-noise ratio (SNR). In the range between 200 and 2100 counts, the average SNR amounts to 11. Note that the well behaved PSF is suitable for use with super-resolution localization microscopy algorithms. 
Discussion
In this work, we have constructed a sensor based on the excitation of SPP modes in a thin gold film by a femtosecond laser beam. When the radiation from the film is projected onto a camera, we observe clear signals from locations where particles are in close proximity to the gold film. This radiation appears in the spectral window where we expect the two-photon excited fluorescence from gold to be prominent. The experiments described above demonstrate that this signal does not only appear for plasmonically active gold nanoparticles, but also for silicon nanoparticles, polymer beads and sub-µm lipid droplets. These observations strongly suggest that the gold layer itself contributes to the detected radiation. In case of non-fluorescent particles such as polystyrene nanospheres and lipid droplets, the gold layer is expected to be the sole origin of two-photon excited fluorescence. It is well known that electron-hole pairs can be excited by the process of two-photon absorption in gold. [25, 26] Using a near-infrared laser, electrons are excited from the d-band to the spband conduction band, see Fig. 7(a) . Radiative electron-hole recombination is expected around symmetry points in the Brillouin zone where the density of states in the conduction band is high. Such a condition is found near the Fermi level of the X and L symmetry points, which correspond to radiative energies of 1.8 eV and 2.4 eV, respectively, upon recombination of momentum-matched electrons in the conduction band and holes in the valence band. In case of confined and enhanced local fields near the gold surface, both the absorption and emission rates are expected to increase, producing efficient two-photon excited fluorescence from gold. [25, 26] The formation of nano-cavities can furthermore relax the photon-momenta, enabling transitions in a broader region near the X and L symmetry points and resulting in a spectrally broadened emission. Our results confirm that the two-photon excited fluorescence of the bare smooth gold is very inefficient.
[26] Under SPP illumination conditions, the gold film itself produces a negligible amount of emission which is near the noise floor of our camera. However, whenever a nanoparticle is in the vicinity of the film, fluorescence emission is observed. This observation suggests that the confinement of the field between the gold and the particle yields local fields sufficient for two-photon excitation of electron-hole pairs in the gold, as schematically depicted in Fig. 7(b) . This process is evidently efficient if the nanoparticle is gold, giving rise to strongly enhanced fields, but our experiments show that polymer particles or lipid droplets yield confined fields that are also capable of triggering two-photon absorption.
The subsequent emission process is furthermore enhanced by the gold film. The emission pattern observed in the back focal plane shows that the majority of the radiation couples out at the Kretschmann angle, indicating that the local polarization near the particle excites surface plasmon polaritons in the film, which subsequently couple to the far field as leakage radiation. [22, 33] This latter mechanism is similar to the enhanced emission seen in SPCE microscopy. [23, [34] [35] [36] [37] [38] [39] Previous work in SPCE microscopy has shown the utility of confined local fields to boost the optical signal generated at the gold/sample interface. [40, 41] Our work extends some of the principles developed for SPCE microscopy to include signal generation in the absence of fluorophores, thus constituting a completely label-free approach. In our sensor, the gold film plays a dual role: it is the site of the optical excitation and it acts as an antenna to couple the local polarization in the form of radiation to the far-field.
The mechanism described above is consistent with our observations. We will call this mechanism confined optical field enhanced fluorescence emission, or Cofefe. The Cofefe sensor enables detection of non-fluorescent particles that physisorb to the gold sensor surface. In its current version, the sensor largely reproduces the capabilities of SPRM. However, the detected signal in Cofefe appears relative to a dark background and the detected spot exhibits a pointspread function that is based on incoherent emission and thus does not display interferences among different detected spots. These attributes make the sensor a very attractive alternative to existing SPRM methods.
It is known that the pointspread function in SPCE microscopy is diffraction-limited but, unlike the familiar Airy disk pattern observed in standard fluorescence microscopy, it displays a dip in the center lobe.
[42] This feature is due to the antenna-directed fluorescence emission, producing radially polarized radiation as seen at the back aperture of the objective lens. It has been shown that waveplates [43] or differential imaging techniques [44] can be used to restore the PSF to a single-lobed profile. In our measurements, we have observed ring-like PSFs for the gold nanoparticle samples, indicating that the SPCE mechanism is at play. However, for non-fluorescent particles we do not clearly observe donut-shaped profiles but rather single-lobed PSFs, such as shown in Fig. 6(b) for 50 nm polystyrene spheres. This observation suggests that the imaging theory developed for a fluorophore placed in the space above the gold film may not fully capture the properties of the Cofefe sensor. In this context we note that the electron-hole pair generation and recombination responsible for the radiation takes place in the gold layer rather than in the aqueous medium above the sensor surface, and thus represents a different situation than in SPCE. Future work will focus on developing an imaging theory that properly describes the signal radiation process relevant to Cofefe.
The experiments described here are based on simple physisorption of particles to the gold surface. By functionalizing the gold surface it is relatively straightforward to turn the Cofefe sensor into a device for specific binding and sensing studies. The Cofefe signals are strong, enabling detection of organic material such as small lipid droplets at high frame rates in a label-free manner. Our results point to the possibility of detecting much smaller particles, such as liposomes, low-density lipoprotein (LDL) particles or viruses. In addition, the performance of the device can be improved, for instance by optimizing the pulse parameters, detection filters and quality of the gold sensing surface. We expect that the sensor may eventually be sensitive enough for detecting signals from individual protein structures. Such a capability would represent a significant advance in the label-free analysis of protein-ligand interactions on a single molecule level.
Conclusion
We have constructed a sensor that enables the detection of particles near a gold sensing surface. The optical signal is based on the two-photon excited fluorescence from the gold, enabled by the formation of confined optical fields upon binding/adsorption of the particle to the substrate. We have shown that this sensor, called Cofefe, is capable of registering non-fluorescent particles through the process of gold fluorescence. Unlike SPR-based sensors, the Cofefe method produces background-free signals and yields non-interfering and highly confined spots on the camera detector. These attributes make the Cofefe sensor an attractive candidate for label-free binding and sensing studies, tentatively on the single protein level.
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